A model has been developed to predict the bonding behavior of nonwovens during the ultrasonic bonding process. The model includes the following subprocesses: mechanics and vibrations of the web and horn, viscoelastic behavior of webs and heat generation, and heat transfer. Each subprocess was modeled first and then combined together with the boundary conditions to develop an overall process model. The compressional behavior and thermal conductivity of webs will be discussed and their appropriate equations have been chosen for model. A Finite Element Method (FEM) was used to solve the above coupled model. Subsequently, the heat generation rate and the temperature change during the bonding process were calculated.
Introduction
Ultrasonic bonding of nonwoven fabrics is accomplished by applying high frequency vibrations to the webs to be welded together. Thermal energy can be generated in a web that can cause the web temperature to rise so high that it can be sufficient to soften and weld the fibers at the bonding sites and to cause molecular diffusions and entanglements; consequently, the fibers fuse together and form bonds when they cool down. The important components of a nonwoven ultrasonic bonding machine are the power supply, converter, booster, horn, pneumatic pressure system, anvil, and weld and hold time controllers.
The generation of ultrasonic energy starts with the conversion of simple 50 or 60 Hz electrical power to high-frequency (usually 20 KHz) electrical energy. High-frequency electrical energy is conducted to an electro-mechanical converter, or a transducer, where high frequency electrical oscillations are transformed into mechanical vibrations. The heart of the converter is an electrostrictive element which expands and contracts when subjected to an alternating voltage. These mechanical vibrations are transferred to the web via a waveguide assembly. The horn is pressed against the web by a pneumatic pressure system so that vibrations are introduced to the web under the action of forces. The direction of these horn vibrations is perpendicular to the web. The anvils are made to have various patterns to produce fabrics with different bond designs. The weld time and hold time controllers are adjusted for different types of fibers and webs. The frequency most commonly used is 20,000 Hz for ultrasonic bonding of nonwovens. A line diagram of the head of an ultrasonic unit is shown in Figure 1 .
There are only three ultrasonic process variables: amplitude, pressure and time. These process variables are roughly established by trial and error and then finally adjusted to meet the needs of a specific application. In actual production these variables are easily controlled. Amplitude is determined by the selection of the booster and the horn design. Pressure is usually generated by a pneumatic pressure system and can be easily adjusted and regulated. Time is the function of the throughput speed which determines the dwell time of the web (fibers) under the ultrasonically vibrating horn. Other variables, for example, are the weld area, fiber type and web unit area.
In ultrasonic bonding only energy and pressure are needed, which are applied at the precise areas of the bond sites. Heat energy is generated within the fibers which can minimize the degradation of the material that may occur possibly due to excessive heating. Since the ultrasonic process does not depend on thermal conduction to get the thermal energy as in the calender thermal bonding, the horn and anvil stay relatively cool. It is much easier to maintain bonding energy within the desired sites. There is little or no web damage outStudies on the Process of Ultrasonic Bonding of Nonwovens: Part 1 -Theoretical Analysis side of the bond areas from hot areas such as in the calender thermal bonding process. Moreover, ultrasonic bonding is more efficient than the calender bonding. There is little heat loss in the ultrasonic method. There is no pre-heating required for ultrasonic bonding and the products can be made as soon as the machine is turned on. But in the calender thermal bonding the calender must be pre-heated to a certain high temperature, which may take several hours before production begins. After production ends it still takes several hours for the calender to cool off.
Ultrasonic bonding is used to produce such products as mattress pads and bedspreads. This bonding technique is efficient in manufacturing these products because it eliminates the costs associated with the needles and threads as in the conventional sewing methods and it allows making different patterns without lowering the productivity or quality.
Literature Review
Computer-based literature retrieval in the area of nonwovens ultrasonic bonding revealed that there were no published research papers that studied the fundamental mechanism of ultrasonic bonding of nonwovens in details. Most of the published work relates to empirical studies where the effects of various process parameters on the physical and mechanical properties of nonwovens have been described.
Flood [9, 10 and 11] published some general articles that reviewed the patents, equipment and development of the ultrasonic bonding machines for nonwovens. These papers also discussed the benefits and applications of this particular bonding technique. Rust [20] reported some experiments to determine the effect of clearance of the concentrator (called horn) and anvil, and concentrator load on selected nonwoven fabric properties. But only a qualitative description of the mechanism of the ultrasonic bonding was given. Floyd and Ozsanlav [12] studied the ultrasonic bonding of various types of fibers which for example included polypropylene and nylon 6, 6. They found that an impressive feature of many fabrics produced was their superior softness over comparable products produced by calender bonding. They also found that the high melting point fibers such as polyester and nylon 6, 6 were difficult to bond. Due to the scarcity of available literature about the mechanism of ultrasonic bonding of nonwovens, a search of the literature about the mechanism of the ultrasonic bonding of thermoplastics was made. There are a few research papers published in open literature in this field. This is probably due to the fact that the ultrasonic bonding method of thermoplastics finds more extensive and important utilization in the plastic industry rather than in the textile industry.
In one of the earlier investigations Matsyuk and Bogdashevskii [16] carried out a study of lap joining of polymeric materials with ultrasonic welding. A frequency of 20 kHz, amplitudes of 0.05 to 0.07 mm, and weld time ranging from one to five seconds were used. The materials used in this study were bulk polymethylmethacrylate (PMMA), plasticised polyvinylchloride (PVC), polytetrafluoroethylene and polyethylene. While studying the rate of temperature increase, the researchers observed a change in the heating rate, which correlated with the changes of the material from a glass-like highly elastic state to a viscous state. Also, the effect of the dimensions of the support holding the welded parts was examined. It was observed that the pressure used to press the parts together during welding has a considerable effect on the strength of the weld. However, in almost all cases the welded joints were found to be as strong as the original material. Also, it was observed that the treatment of the surface of thermally plasticised PVC with emery paper doubled the shear strength of the welds.
Tolunay, Dawson and Wang [25] studied the ultrasonic welding of polystyrene parts. They used dish-shaped polystyrene specimens that were welded with ultrasonic vibrations of 20 kHz frequency and 0.076 mm amplitude. Temperatures at the weld interface and at two locations inside the energy director were measured. Power input and horn displacement was also measured during welding. Different welding forces and times were used to simulate a wide range of welding conditions. They found that increasing the static pressure resulted in consumption of higher power levels, although bond strength did not differ substantially. They also developed a one-dimensional heat conduction model for an infinite slab, and combined it with a viscoelastic heating model. The infinite slab model overestimated the interface temperature and underpredicted the bulk temperature (when compared to the [25] concluded that, even for amorphous polystyrene, the interdiffusion time is one to two orders of magnitude shorter than the weld time. Land [15] used a high-speed camera to make the process visible and gain some understanding of the melting and flow of the material that occurred. They filmed the ultrasonic welding of polycarbonate, glass reinforced polycarbonate (30% by weight), ABS, nylon 6, glass-reinforced nylon 6 (30% by weight), and polybutylene terephthalate. They noticed that the welding process occurs in stages, rather than continuously, for all of the materials examined. The gap between the parts alternately decreases for a short time duration and then becomes stationary. The number and durations of these gaps decrease and stationary cycles vary for different materials.
Benatar and Gutoski [2] modeled the ultrasonic welding. The model predicted that melting and flow occur in steps, which was confirmed by experiments. Their paper also pointed out that estimates of the healing time for semicrystalline polymers are of the order of 10 -7 s, which are at least 6 orders of magnitude less than the weld time for ultrasonic bonding. This means that intermolecular diffusion presents no time limitation to the welding process and it does not need to be modeled. For all practical purposes, it can be assumed that intermolecular diffusion occurs almost immediately after melting and achieving the intimate contact at the interface. They welded PEEK and graphite APC-2 composites and observed excellent bond strength.
Chernyak et al. [6] modeled heat generation and temperature change in a polyethylene rod during ultrasonic welding. The assumption has been made that hysteresis losses are the source of heat generation in the ultrasonic welding of plastics. The temperature change obtained theoretically by solving the problem of the heating of soft plastics on the basis of the assumed mechanism of heat formation is in good agreement with experimental results.
Theoretical Model
A model of the mechanics and vibrations of the horn, the web, and the rotary anvil is necessary for evaluating the vibrations induced within the web. From the vibrations of the web, it is possible to determine heat generation in the web. And, from the heat generated, the temperature change during the bonding process can be predicted. To form a good bond rapidly it is necessary to concentrate the ultrasonic energy within the web.
In order to clarify concepts of batts and webs in this paper, batts mean the bulky material made by the Random Webber as described later in Part 2 and they almost do not have any strength. Webs mean the batts covered by spunbonded fabrics on top and bottom surfaces. Webs here are referred to the materials ready to be bonded. After bonding webs become nonwoven fabrics.
In the development of a model for the vibration of the horn, the web, and the rotary anvil, certain underlying assumptions have to be made. These assumptions are:
1. Web is assumed to be a viscoelastic material that can be represented by a series of Voigt-Kelvin models as shown in Figure 1 .
2. Web properties such as the spring constant k and the damping coefficient h are assumed to be constant independent of temperature.
3. Rotary anvil is assumed to be rigid and experiences no vibrations.
4. The effect of gravity on the web elements is negligible when compared to the external forces exerted during vibration by the horn.
The following symbols have been used: (1)
We need to know the initial conditions of the following unknowns: f k1 , v m2 , f k2 , …, v mi , f ki , ...,v mn , and f kn . Though F o is also an unknown we do not need to know its initial value. This is easily seen from Equation (2). It does not involve the derivative of F o and it can be simply calculated. From the theory of vibrations, we know that the vibrations of the element are transient at first and then they come to steady states.
In the calculations, the web is assumed to be moved forward by the anvil step by step instead of continuously. So the web is assumed to stay at a fixed position for a little while and then jump forward to another fixed position and the jump distance is just the assumed web moving step. The steady state vibrations are the same regardless of the different practical initial conditions for a given set of conditions such as the initial force F o which is determined by the gauge setting and pressure, the vibration amplitude and frequency of the horn. We can use the following initial conditions.
Here the web is assumed to be divided into the same equivalent elements with the same height. The total number of the web elements is n. And h o is the hypothetical height of the web and h is the distance between the horn and the anvil, i.e., the gauge. A is the area of the elements.
A viscoelastic material dissipates some energy through the intermolecular frictional mechanism when it is subjected to a sinusoidal strain. The storage modulus for a viscoelastic material is the in-phase modulus and it is a measure of the ability to store energy. The loss modulus is the out-of-phase modulus and it is a measure of the energy dissipated. If the material is subjected to a sinusoidal strain, i. e., e = e 0 coswt, then the average heat generation rate per unit volume can be expressed as follows:
In a computer program, it is not necessary to use Equation (12) for calculations because one can use the following Equation (13) to get the heat dissipated by each element in time Dt.
In the calculations one only needs to calculate until the system reaches the steady state. In the steady state the energy generated in each cycle should be the same. So one can then use the energy generated in each cycle to see whether the steady state has been achieved or not. When the steady state has been reached the energy generated in one cycle is converted into the heat generation rate per unit volume q*.
As the energy is dissipated in the web when the horn vibrates, the web will get hotter and heat is conducted from the hotter web to the relatively cooler horn, the anvil and the surrounding air. Heat conduction is much greater than the convective heat loss to the air. This is due to the greater heat conductivity of the horn and anvil as compared with the low heat transfer coefficient of air.
From the theory of heat transfer, one can get the following general heat conduction Equation (14). In this problem one should simplify the heat conduction equation so that one can get reasonable solutions easily. In practical productions the anvil pattern has a certain width which is at least a few millimeters long along the anvil longitudinal direction. The pattern width is about ten times larger than the gauge between the horn and anvil. Consequently the end effects of the z direction which is in the longitudinal direction of the anvil can be neglected. Therefore, we can just consider the 2-dimensional problems as depicted by Equation (15) and Figure 2 .
The Compressional Behavior of Fiber Webs
The batt made by the Rando Webber Processor is quite lofty. In order to calculate the initial force applied to the web one should know the dynamic moduli and hypothetical height h o of a web. The compressional behavior of fibrous masses has been studied by several investigators [4, 7, 13, 22, 26, 28] . They have attempted to characterize the behavior through simple mathematical models.
Van Wyk [28] proposed a relationship of pressure versus volume (inverse-cube of volume) based on some fundamental considerations of web structure and beam bending theory. He considered fiber mass as a "system of bending units," wherein the constituent fibers are straight, randomly oriented, elastic beams (or rods). Deformation of the system is assumed to
(15)
(10)
result from the bending of the units; no other modes of deformation were considered. He derived the relationship between stress and volume of the fiber mass as follows,
where K is a dimensionless constant determined by the structure of the fiber mass, E f is the fiber elastic modulus, rf is the fiber density, m is the fiber mass in volume V 0 . V 0 is the initial volume, r 0 is the initial bulk density, V c is the compressed volume, and r c is the bulk compressed density of the fibrous assembly.
During compression the area of fibrous assembly can be assumed to be constant. The initial height and the height under compression are h o and h c , respectively. If h f is the height and if the web had the same density as its component fibers, then the elastic modulus, E w , of the web can be derived as follows: Therefore, the elastic modulus of the web is proportional to its fiber elastic modulus. The web's elastic modulus is also related to the structure constant K and the web initial and compressed heights.
Experimental studies based on the van Wyk model have been attempted by several investigators. Dunlop [7] studied the compression behavior of different wools. The compression characteristics in the van Wyk's model are governed by the parameters KE f and r 0 . In case of samples examined by Dunlop, the parameter KE f showed a much stronger effect on the compression characteristics of fiber webs.
Schoppee [21] . The model assumes that the nonwoven fabric was originally formed by a Poisson process in which individual fibers were deposited on the plane independently and at random. From the mathematics of the Poisson distribution, the probability of n fibers overlapping, or stacking, in the thickness direction of the fiber assembly can be defined at any point in the plane in terms of the fiber dimensions, fiber density and average weight per unit area of the assembly. When the assembly is uniaxially compressed, those local areas where the largest number of fibers overlap contribute first to the total resistive force offered by the nonwoven. The total force required to compress the assembly to a given thickness can be expressed as the sum of the forces needed to reduce the thickness of each individual stack of overlapping fiber mass to the thickness of the assembly. The stress s(t) of the nonwoven at any given thickness t can be written as:
Where, E fc is the fiber transverse compression modulus, A 0 is the cross sectional area of each column and it is assumed to be very much smaller than the area of intersection between two overlapping fibers (A 0 <<d 2 ). N is the number of columns within the total area A and N=A/A 0 . The length of the column at the kth position of the array is l k and l k =n k a. n k is the number of fibers in the kth stack and a is the average flattened fiber dimension in the thickness direction of the nonwoven. N(l k ) is the total number of columns of a particular original length l k within the total web area A. t o is the original thickness and t is the thickness under compression.
The stress/thickness behavior predicted by Schoppee's model is compared to the measured compression characteristics of nylon, Spectra ® , Kevlar ® and fiberglass needled batts. The measured and predicted behavior agrees well enough in most cases to validate this model. So the result that the compressive modulus of batts in the Schoppee's model is proportional to its fiber transverse compressional modulus is quite valid. The fiber transverse compressional modulus is proportional to the longitudinal elastic modulus. Therefore the compressive modulus of the batt is also proportional to its longitudinal modulus of the constituent fiber and is similar to the result obtained in the van Wyk's model.
From the investigations of compressional behavior of fiber assembly discussed above it can be well assumed that the web compressional elastic modulus is proportional to its fiber longitudinal elastic modulus. This relationship can be expressed as follows:
where E w is the web compressional elastic modulus and E f is its fiber tensile elastic modulus. f(h) is a function of the web thickness and C is a constant which is related to the fiber diameter, density and web structure. The web static compressional behavior and the static tensile behavior of fibers can be measured by using an Instron Tensile Tester. Then, Cf(h) can be calculated easily. Similar equations like Equation (19) are used for the relationship between the web dynamic compressional behavior and fiber dynamic tensile moduli as follows:
where E w ' and E w " are the dynamic elastic and loss moduli of a web, respectively. E f ' and E f " are the dynamic elastic and loss moduli of the fibers, respectively. Therefore, E w ' and E w " can be calculated from the web's static compressional modulus, its fiber static tensile modulus, dynamic elastic and loss moduli.
The web compression is highly nonlinear. In order to simplify the problem the web compression can be represented as composed of several linear stages. Each stage has its own constant modulus, initial thickness and suitable range. So the results in Equation (11) can be calculated.
Web Thermal Conductivity
Heat transfer of nonwovens is of considerable practical significance, since it plays a major role in determining the thermal comfort of these materials when used in applications such as clothing and quilts. There are a lot of published works that have reported the heat transfer and thermal conductivity of webs, nonwoven fabrics, and batts, etc. [1, 3, 8, 18 and 29] .
Woo et al. [29] proposed a model that accounts for air and fiber thermal conduction through a nonwoven fabric. Their model includes both fiber anisotropic and fabric orthotropic effects and assumes net heat flow perpendicular to the fabric plane. They derived a thermal conductivity equation that has the following parameters: the fiber volume fraction, anisotropy factor, the polar orientation parameter, fabric thickness, and fiber diameter. Its validity is confirmed in experiments that measure the thermal conductivity of various nonwoven barrier fabrics.
Stanek and Smekal [23] derived a heat conductivity equation of webs that involves the filling coefficient, structure parameter, thickness, mean temperature, and fiber diameter. The conductivity equation is complicated and the structure parameter has to be chosen so that the calculation results have the best agreement with experimental results.
Baxter [1] experimentally verified that the web conductivity obeys the empirical Lees' Equation (22) as follows:
where v f and v a are the fractional volumes of the fiber and air, respectively; k f and k a are the fiber and air conductivities, respectively; k m is the conductivity of the mixture. The shortcoming of Equation (22) is obvious because it ignores all the web and fiber structural parameters such as the fiber diameter and orientation. But the advantages are also obvious because it is very easy to apply to practical problems and it takes the volume change into consideration. The volume change is the major factor that influences the mixture conductivity. Therefore in this research when the web moves between the horn and anvil, it is accepted that the web conductivity changes according to Equation (22).
Initial and Boundary Conditions
To solve the Equation (15), which is a 2-dimensional partial differential problem, one needs to know the specification of the initial condition at time t=t 0 on the domain area A and of boundary conditions on the edge G for this problem [19] .
The initial temperature field can be specified as
There are three kinds of typical boundary conditions involved in this problem.
The first kind of condition is temperature condition. The values of temperature at the boundary G T are specified. These values may be constant or be allowed to vary with time, i.e.,
The second kind of condition is heat flux. The values of heat flux in the direction n normal to the boundary G q are prescribed as q(x, y, t). Then we can write
The third kind of condition is convection. The convection of heat in the direction n normal to the boundary G cv are written as follows:
Here a is the heat transfer coefficient and T f is the fluid temperature.
FEM Formulation
The two dimensional transient problem as depicted by Equation (15) has to be solved to know the temperature change in a web during a bonding process. In this research finite element method (FEM) is used to solve Equation (15).
The expressions for the finite element characteristics may be derived without actually specifying the type of element at this point. However, the calculations were based on the fournode rectangular element. The shape function matrix N is given by
Where nen means the number of the element nodes. On an It is emphasized that this integral applies to a typical element e and the integration is to be performed over the area A e of the element. After the Green-Gauss theorem, the second kind of heat influx, and the third kind of convection boundary conditions are applied, and we may get the following equation:
The Equation (29) is an unsteady heat transfer problem which may also be referred to as a transient or time-dependent problem. Since the time variable t enters into such a problem we can use the partial discretization to separate the space variables and the time variable. The unknown temperature parameter function T within a typical element e can be written as follows:
Here the N(x, y) , and C e can be calculated [19, 24] . The global stiffness matrix K, capacitance matrix C, and the nodal force vector f can be assembled from these element matrices and the local destination array.
The Enforcement of the Essential Boundary Conditions
In the boundary conditions mentioned earlier, there is a kind of condition that has constant temperatures at these boundaries. These constant temperature boundary conditions must be enforced before the global matrices can be used to solve the unknown temperatures. In the programs coded for this research the above boundary conditions are enforced by a method which is based on the concept of penalty functions [24] . This method is easy to apply and understand.
After the application of the essential boundary conditions we get the following global matrices: K a , C a , and f a . Here the superscript ( a ) is used to indicate the assemblage matrices after the application of the essential boundary conditions. Then we get the following equation to solve Equation (41) needs to be solved for the nodal temperature as a function of time. There are different schemes to solve this equation. They may be summarized in one convenient equation as follows:
where the parameter q takes on values of 0, 1/2 and 1 for the forward, central, and backward difference schemes, respectively. The value 2/3 is for the Galerkin method [24] and q = 2/3 is particularly useful because it is more accurate than the backward difference scheme (q =1) and more stable than the central difference scheme (q = 1/2). So q = 2/3 is used in the calculation.
The Geometry of the Finite Element Meshes
The overall domain of a web considered for the FEM calculation is shown in Figure 2 . The domain consists of three different areas: the area ABCDIJA before entering the bonding site, the area DEHID at the bonding site, and the area EFGHE after exiting the bonding site. The horn and anvil used in this research need to be described first in order to calculate the sizes of the aforementioned different areas. Figure 3 shows the front and side views of the horn and anvil, respectively. The anvil pattern is quite simple and is just a protruded ring over a roller. The radius of the anvil for bonding R a , the radius of the small corner of the horn R h , and the width of the middle smooth part of the horn W sh are known as their values are shown in Figures 2 and 3 . The gauge g changes with the web unit area weight and processing parameters such as pressure and speed. The web thickness T w changes with the web unit area weight.
In the theoretical model there is an assumption that the web properties such as the spring constant k and the damping coefficient h are assumed to be constant and are independent of temperature. So the web spring and damping coefficients do not change at the bonding site. Therefore, the thickness of the web at the exit of bonding site (the thickness at points E and H as shown in Figure 2 ) does not change either and is the same as the web thickness T w . Practically the bonded web (fabric) thickness at the exit of bonding site is smaller than the thickness at the entry of the bonding site because the web is under the horn vibration and pressure and bonding can occur within the web. Therefore the web properties can change and its thickness can also change at the bonding site. After exiting from the bonding site the bonded web cools down gradually and the thickness also changes. The thickness of the fabric at the wrapping roller of the ultrasonic machine is assumed to be the same as the final thickness of the fabric, i. e., the thickness of the fabric will not change after it reaches the wrapping roller. Between the exit of the bonding site at point E and the wrapping roller the fabric thickness is assumed to reduce linearly due to draw (winding tension).The distance from the exit of bonding at point E to the wrapping roller is 0.368 m.
The origin of the domain coordinate is the middle position of the bonding site as shown in Figure 2 . Then all the positions of the edges ABCDEFGHIJA in Figure 2 can be calculated.
For the y coordinates of element nodes within the bonding site DEHID are a bit complicated because the web is under pressure and deformed. Right now one can just assume that the moduli of the spunbonded fabric and batt are E s and E b , respectively; their initial heights are H s and H b ; their heights after deformation are h s and h b . The distance between the anvil and horn is h. Then one can get the following two equations:
From the above two equations h s and h b can be calculated. Because the height h s of the spunbonded fabric and h b of the batt under deformation are divided evenly by their corresponding element number N ehs and N ehb , respectively, one can calculate the y coordinate for each node when one knows the distance h between the anvil and horn. Therefore all the y coordinates of the nodes within the bonding site DEHID can be calculated.
One now needs to calculate the y coordinates of the nodes within the area EFGHE. As previously mentioned, the fabric thickness decreases linearly due to draw with the distance from the exit of the bonding site. At the exit EF of the bonding site, the heights h s and h b of the spunbonded fabric and the batt are known. After exiting from the bonding site their heights are assumed to decrease linearly, same as the bonded fabric. Therefore one can calculate the heights of the spunbonded fabric and the batt of the nonwoven fabric at any distance from the position EH.
It can be easily shown that the vertical speed v p of the anvil at the x coordinate x of the bonding site is where w o is the circular speed of the anvil (rad./s).
Details of the Initial and Boundary Conditions
As previously mentioned one needs to know the specification of the initial condition at time t=t 0 on the domain area A and of the boundary condition on the edge G to solve Equation (15). The initial conditions of the whole domain, as shown in Figure 2 , are that the temperatures of all the nodes are at room temperature 20 o C at time t=0 and can be expressed by the following equation.
The boundary conditions are described below in details. The boundary G 1 (edge AB) is the leftmost edge of the whole domain. Because of the low thermal conductivity of the spunbonded fabric and the batt and the low temperature at 
the position DI the temperature at G 1 is not affected by the bonding process. Therefore, the temperature at the boundary G 1 stays at room temperature, i.e.,
The boundaries G 2 (edge BCD) and G 8 (edge AJ) have the convection type condition, i. e.,
In this case T f is the room temperature again which is 20 o C. a is 15 [5] .
The boundary G 5 (edge FG) has the heat flux type condition. In this research the length L fl from the exit (position EH) to the edge FG used for the calculation is about 0.063m. From the experimental measurements the temperature change normal to the edge FG is rather small. So it is assumed that there is no heat loss at this position, i.e.,
The boundaries G 4 (edge EF) and G 6 (edge GH) have the convection type condition, i. e.,
In this case T f is the room temperature and is 20 o C, also. But a is a bit complicated because it is related to the air speed, the thickness of the fabric, and the temperature of the bonded fabric. The fan behind the horn was turned on to help get rid of heat to keep the horn cool. So the air speed close to the horn was affected by the fan and changed with the distance from the bonding site. The thickness of the fabric and temperature of the bonded fabric also changed with the distance from the bonding site. All of those changes would cause a to change with the distance from the exit of the bonding site. Therefore, a constant value for a was not a good choice. So a was calculated from the experimental measurements of temperature. It was found that a could be approximated by two linear lines with the distance from the exit of the bonding sites for G 4 and G 6 . There were specific values for a that are reported in Part 2 of this paper.
The boundary conditions for G 3 and G 7 were a bit difficult. The simple insulator or the infinite conductivities of the horn and anvil did not give good results. A close look at the experimental results showed that the temperatures could be approximated by several line segments and their temperature related to temperature T k of the middle point K at the bonding exit. Figure 4 shows the approximation for G 3 and G 7 . Both the y coordinates were normalized by T k . The x coordinates were normalized by the distance of DE and JH for G 3 and G 7 , respectively. The position labeled 1 was the same as the origin 0 of the coordinate system in Figure 4 . The position 1 and 4 in Figure 4 (A) corresponded to D and E in Figure 2 . The position 1 and 5 in Figure 4 (B) corresponded to J and H in Figure 2 . The specific values for TT2, TT3, XT2, and XT3, etc. are given in Part 2 of this paper.
Matlab was the language chosen for computer code. The overall procedures to solve this problem are as follows. The element node coordinates were calculated first. The element stiffness matrix, force matrix and capacitance matrix were then calculated. Subsequently, their corresponding global matrices were assembled.
The heat generation was calculated. Every node was given its initial temperature condition. Then the temperature type boundary conditions were applied by the penalty method. Equation (41) was solved. After some time at one position the web moved one small step forward. Then the boundary conditions were updated and Equation (41) was solved again. At the end of each step the final result was compared to the final result of the last step. This process was continued until the error limits between the results of the last two steps were within a certain limit. In this research the limit was set at 0.1%. 
